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Abstract

Composite slabs have gained popularity in modern high-rise construction due to their su-
perior load-bearing capacity and reduced self-weight. The vulnerability of the unprotected
steel deck under fire conditions poses serious challenges, as the rapid reduction in steel
strength and stiffness can compromise structural resistance and accelerate fire spread. This
study presents a comprehensive numerical simulation to assess the fire behaviour of a novel
composite slab and a new proposal for a simplified method. Three insulation techniques
are investigated: a steel shield for the thinner part, a steel shield with the cavity filled with
mineral wool, and a mineral wool plate applied from below. The simplified method is
proposed to evaluate the fire resistance using new empirical coefficients, recalibrated within
the framework of the prEN 1994-1-2 to allow for precise temperature predictions in steel
components under standard fire. The numerical model, validated against experimental
results, shows that the steel shield insulation extends the time to reach critical temperatures
by approximately 25%. In contrast, mineral wool insulation proved to be substantially
more effective by reducing temperatures in the UPPER 2 region by up to 89% compared
to uninsulated slabs, after 60 min of fire exposure. This significant temperature reduction
increases the load-bearing capacity during 60 min of fire exposure by 29%, also resulting in
a potential reduction of approximately 22% in carbon emissions. The findings underscore
and highlight the potential of these insulation systems to enhance the overall safety and
resilience of composite slabs under fire, offering valuable insights for structural fire design.

Keywords: composite slabs; steel decking; fire resistance; fire insulation; finite element
modelling; simplified method

1. Introduction

Composite slabs with steel decks are highly efficient and lightweight structural solu-
tions compared to conventional reinforced concrete slabs. Given these advantages, this
composite slab model has become widely adopted in building projects involving steel
structures and high-rise buildings [1]. The composite slab consists of a thin cold-rolled
steel deck, typically with thicknesses ranging from 0.6 to 1.2 mm, over which concrete is
poured [2]. The concrete is usually reinforced with a light anti-crack mesh and may also
include reinforcement bars, typically positioned within the ribs.

The presence of an unprotected steel deck in composite slabs represents a significant
disadvantage in terms of fire resistance. When directly exposed to fire, the steel deck’s
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structural stability can be compromised due to the temperature-induced reduction in
strength and stiffness [3]. This issue arises because the steel components are primarily
responsible for the load-bearing capacity of the composite slabs, which are crucial for
maintaining the structural element stability during a fire. Additionally, these slabs play a
vital role in preventing fire from spreading to other compartments within the building.

Fires pose a critical global threat, with over 300,000 annual fatalities attributed to
fire-induced burns, predominantly in low- and middle-income countries (LMICs) [4]. Res-
idential fires account for 80% of fire-related deaths in the United States, occurring every
85 s [5,6], while 78% of unintentional fire fatalities in London arise from residential inci-
dents [7]. Human behaviour, particularly unsafe practices, is a primary causative factor [8],
exacerbated by evacuation challenges in densely populated residential complexes [6,9]. Fire
protection plays a crucial role in building safety, aiming to reduce the likelihood of death,
injury, property loss, and environmental damage caused by unwanted fires [10]. Protecting
the building’s structure and contents is equally vital to prevent the spread of fire and
structural collapse, ensuring the structure withstands long enough to evacuate occupants
safely [11]. Jiang et al. [12] mentioned that the fire resistance classification of structural ele-
ments is typically determined through fire tests, where the element is exposed to a standard
fire curve for a specified duration, usually following the fire standard ISO 834 [13]. The
fire resistance of an element, measured by its load-bearing capacity (R), insulation (I), and
integrity (E), is determined by exposing it to a standard furnace temperature-time curve.

Beyond fire safety, one of the most critical factors is the advancement of low-carbon
building practices, as conventional construction releases substantial quantities of carbon
into the atmosphere. The construction industry accounts for 40% of global energy con-
sumption and 36% of carbon emissions [14]. Among the industrial sectors, construction
is the largest carbon emitter due to the energy-intensive nature of its materials [15]. The
production of building materials generates the most carbon emissions (64.5%) over a build-
ing’s lifecycle. Specifically, the production and use of steel and concrete are the primary
contributors to emissions associated with this sector. Notably, steel’s recyclability is supe-
rior to that of concrete, and the quantity of steel used is significantly lower than that of
concrete. Consequently, concrete is the most significant contributor to carbon emissions
over a building’s lifecycle. To mitigate the carbon footprint of construction, replacing
concrete with low-energy materials is imperative.

Recent research highlights the complexities in analysing structural fires in composite
slabs. The cooling phase can generate connection failures in frames, and slabs can an-
ticipate collapses [16-18]. Failures in beam—column joints can trigger slab disintegration
and fire propagation between floors [19,20], requiring advanced predictive models. Mar-
cilio et al. [1] also noticed that failure may occur during the cooling phase and explored
the extension of the simplified EN 1994-1-2 model to natural fire scenarios. However, a
broader database is needed, including additional fire curves, different steel slab profiles,
mechanical simulations, and experimental tests, to evaluate failure modes [1]. These studies
demonstrated how delicate the structures of composite slabs are under fire.

To extend the load-bearing capacity time (R), Fourie (2020) [21] proposed a novel type
of insulation for composite slabs with steel decking. The insulation consists of a steel plate,
referred to as a steel shield, attached to both ends of the lower regions of the rib, creating
an area shielded from direct exposure to fire, as illustrated in Figure 1.
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Figure 1. Composite slab model presented by Fourie [21]. (a) Slab before test 2. (b) Schematic

representation of the slab proposed by Fourie.

To analyse the thermal behaviour of this new composite slab, Fourie (2020) [21]
conducted two experimental tests, where the difference between the tests lies in the presence
of the steel shield. Thermocouples were placed on the lower, web, upper, and rebar, with a
fire duration of 90 min for test 1 and 80 min for test 2. The results indicate that including
steel shields reduces the unexposed surface average temperature by 16% to 41% [21]. This
reduction contributes to a 19.35% decrease in concrete usage [21] and a fire resistance
increase of 20 min in the insulation criteria.

Based on the studies conducted by Fourie [21], numerical simulations are presented
using the ANSYS software (2024 R2) to demonstrate the load-bearing capacity increase
provided by active steel shield insulation. In addition to the steel shield, numerical sim-
ulations are conducted using mineral wool, allowing a comparison of temperature and
mechanical resistance between steel decks insulated with steel shield, mineral wool, and
without insulation. The numerical validation and verification were carried out using the
experimental and numerical results, respectively, obtained by Fourie [21]. Mineral wool
insulation products are widely used in industrial applications due to their excellent ther-
mal and acoustic insulation properties, non-combustibility, cost-effectiveness, and ease of
installation [22]. Its favourable performance per unit volume further supports the selection
of this insulation type for various engineering applications.

According to Piloto et al. [23], to improve the accuracy of the numerical model used to
simulate the debonding effect of the steel deck from the concrete during a fire, an insulating
layer (air gap) with a constant thickness should be introduced between the concrete and
the steel deck in the numerical models. In the numerical models presented in this study, an
air gap of 0.5 mm is assumed to simulate the debonding effects, aiming to provide a more
accurate scenario [1].

This new proposed model is not yet included in the next generation of prEN1994-
1-2 [24]. There is a lack of design methods for this new steel deck (bottom re-entrant
stiffener in the rib) and a lack of design methods when using insulation materials. The
present investigation aims to develop a simplified method that ensures new empirical
coefficients, “b;” for approximating the average temperature in the steel deck components,

7

and new empirical coefficients, “c;” for approximating the average temperatures in the
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rebars. According to Marcilio et al. [1], the equations proposed by EN 1994-1-2 can be
used to obtain the average temperatures in steel components as long as the “b;” and “c;”
coefficients are appropriately calibrated. Moreover, Jiang et al. [25] emphasise that the
simplified formulations proposed by EN1994-1-2 [24] overestimate fire resistance and that
the moisture content significantly affects the temperature distribution in composite slabs.
This study further examines how the integration of insulation systems can enhance carbon
emission reduction in the construction of new buildings.

Thus, this paper presents, as its primary innovation, the development and calibration
of new empirical coefficients (“a”, “b”, and “c”) for the simplified method of prEN 1994-
1-2, specifically adapted for composite slabs with steel decking using thermal insulation
systems. These coefficients, calibrated through finite element analysis and validated by
experimental results, enable a more accurate prediction of steel component temperatures
and load-bearing capacity under standard fire conditions, addressing a regulatory gap for
composite steel decks with special rib profiles and insulation materials. Furthermore, an
integrated methodology is proposed that correlates the enhancement in fire resistance with
the potential for reducing carbon emissions, offering not only a robust tool for fire safety
design but also a contribution to sustainability within composite construction.

2. Numerical Model

This research study is based on the Finite Element Method (FEM) using ANSYS soft-
ware [26], conducted in four solution steps. The first step involves the development of a
validated numerical model using the experimental tests conducted by Fourie [21] and the
experimental tests developed by CSTB [27], thereby ensuring the accuracy of the numerical
model. The second step involves performing an insulation fire analysis in accordance
with prEN1994-1-2 [24], measuring the maximum and average temperatures of the unex-
posed zones, and determining the fire resistance time, following the ISO 834 standard fire
curve [13]. The third step consists of a parametric study, running 21 simulations, including
3 types of slabs and 4 types of insulation, to define the optimal values of “b;” and “c;”, as per
prEN1994-1-2 [24], used to determine the temperature in the structural component zones
of the composite slabs. The final step involves conducting a simplified load-bearing anal-
ysis following the guidelines of prEN1994-1-2 [24], comparing the load-bearing capacity
enhancement provided by each type of insulation.

2.1. Geometry and Thermally Affected Regions of the Composite Slab

Figure 2a presents the geometry and temperature-affected regions of the composite
steel and concrete slab produced by Voidcon, used by Claasen et al. [28]. This study presents
a transient and non-linear thermal analysis of three fire protection types of these composite
slabs (steel shield, steel shield with mineral wool above and steel shield with mineral wool
plates below).

The composite slab insulation, protected by a steel shield, creates an air cavity in the
UPPER 2 and WEB 2 regions, preventing these areas from being directly exposed to fire [21].
The second insulation was also assumed to be made using mineral wool in the cavity region
formed by the steel shield. The third proposed insulation involves the addition of a mineral
wool board beneath the steel plate, as illustrated in Figure 2b. Within the resulting cavity,
radiation and convection phenomena will occur, with the insulation thickness (hi) being
adjustable. For the parametric study, hi values of 5, 10, 20, and 30 mm were employed.

In the present geometry, as shown in Figure 2a, there are two distinct regions: a
general trapezoidal region (T), composed of the lower region, WEB 2, and UPPER 2, and a
re-entrant region (R), formed by WEB 1 and UPPER 1. Each region has unique dimensions,
which are critical for calculating the average temperature within its respective elements
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using the simplified method [24]. This approach relies on accurately determining the view
factors, as they directly influence the temperature field.

UNEXPOSED SIDE
[ )
:
+ L1T 4
L [ )
UPPER 2 REBARS Lire
AIR &
OR 2

MINERAL WOOL

STEEL SHIELD

UNEXPOSED SIDE

L3T/2

UPPER 2

h2 T

AIR

hi

MINERAL WOOL PLATE

(b)
Figure 2. (a) Dimensions and zones of the Voidcon slab. (b) Dimensions of the Voidcon slab with
mineral wool insulation plate. Adapted from [21].

Table 1 presents three different types of Voidcon steel decks and the geometry used for
this investigation. The concrete cover has been considered constant and equal to 65 mm.

Table 1. Dimensions of the slab produced by Voidcon.

VP 50 VP115 VP 200
L1 R (mm) 30 50 85
L2 R (mm) 55 75 110
L3 R (mm) 25 25 25
L1 T (mm) 165 200 300
L2 T (mm) 115 150 230
L3 T (mm) 250 400 460
h1 (mm) 65 65 65
h2 T (mm) 50 115 200
h2 R (mm) 50 50 50
ul (mm) 24 37 47
u2 (mm) 32 32 47
u3 (mm) 25 25 25

w (%) 63.40 77.73 80.07

To calculate the temperature effect in each region, 10 points were collected, and the
arithmetic average temperature was determined.

The temperature field is determined by solving the heat conservation equation inside
the solid parts (see Equation (1)) through the discretisation of the domain using a finite
element mesh as illustrated in Figure 3. The material properties are temperature-dependent,
and the solution method is incremental and iterative, using a time increment of 60 s,
reducible to 1 s if required. The convergence criterion was based on heat flow, with a
tolerance of 10~ and a minimum reference value of 1076 W.
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Figure 3. Mesh size for VP 115. (a) Composite slab with steel shield insulation. (b) Composite slab
without insulation. (¢) Composite slab with mineral wool and steel shield insulation. (d) Composite
slab with mineral wool plate and steel shield insulation.

T represents the temperature of each material [K], o(T) is the specific mass [kg/m?3],
Cp(T) is the specific heat [J/kgK], A (T) is the thermal conductivity [W/mK], t is the time
[s], and V is the gradient in 2D space. Equation (1) is based on the heat flow balance for the
infinitesimal material volume in each spatial direction.

The boundary conditions are defined in the exposed and unexposed sides of the
composite slabs, using Equation (2). The exposed surface is submitted to radiation and
convection, while convection is assumed in the unexposed surface with an appropriate
convection coefficient to consider the radiation effect. The cavity region is also submitted
to convection and radiation, using Equation (2) again, but using average convection co-
efficients between the exposed and unexposed surfaces. The average view factor & was
determined for each region. The emissivity of the material exposed to radiation ¢, depends
on the surface material and the emissivity of the flames ¢, equals 1. The Stefan-Boltzmann
coefficient is ¢. The bulk temperature is defined by Te.

—(MT)VT) - 1. = ac(Too — T) + Bemes a(Tf}o - T4) ?)

A two-dimensional model is presented, assuming no temperature variation through
the span of the composite slab and neglecting the temperature effect near the supports.
The temperature field is determined by the weighted residual method, using Galerkin
approximation, ending in the solution of a set of algebraic equations. Based on previous
3D, thermal, and mechanical simulations developed by the authors, the 2D finite element
analysis is justified by the slab’s uniform cross-section, which minimises longitudinal heat
flow, concentrating it in the 2D analysis of the cross-section.

2.2. Two-Dimensional Finite Element Mesh

This study used the PLANESS5 [26,29] finite element for two-dimensional conduction
thermal analysis to evaluate heat conduction in planar regions (cross-section of the compos-
ite slab). This finite element has four nodes, one degree of freedom (temperature) per node,
and assumes linear interpolating functions and a full Gauss (2 x 2) integration method.
The element supports both transient and steady-state analyses, including convection and
radiation effects.
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The finite element LINK31 [26,29] models heat exchange by radiation between surfaces.
This two-node finite element incorporates parameters such as radiation area, geometric
view form factor, and emissivity, applying the Stefan—Boltzmann Law to calculate radiation
heat flow between two nodes. The non-linearity is solved iteratively using the Newton—
Raphson method, with emissivity defined as either constant or temperature-dependent.
This element has no interpolating function or numerical integration, and uses a direct
formula to determine the heat flow [W] by radiation; see Equation (3).
q[W]:astxngx(Tf—Tf) 3)
The resultant emissivity is defined by egr = €y.¢;y. The area of influence used for each
finite element depends on the position of the nodes and should be previously defined [26].
The finite element LINK34 [26,29] simulates uniaxial thermal convection between
nodes, featuring a non-linear film coefficient depending on temperature or time. The
convective heat transfer rate is determined based on the film coefficient, convection area,
and possible empirical coefficients (not used here). This element also has no interpolating
function or numerical integration, and uses a direct formula to determine the heat flow
by convection; see Equation (4). This equation depends on the convection coefficient used
in the cavity region (average value) and on the area of influence defined between the two
nodes. This formula is also prepared to use an empirical coefficient E, herein assumed as 1.

q[W] =acx AxEx (T; - Tj) (4)

Figure 3 presents the finite element mesh adopted for the VP50, VP115, and VP200
configurations, highlighting three fire scenarios. Figure 3a presents a composite slab with
steel shield insulation, where LINK31 and LINK34 elements are employed to simulate the
heat transfer within the air cavity. Figure 3b presents a composite slab without insulation.
Figure 3¢ presents a composite slab with mineral wool and steel shield insulation, both
discretised using PLANES5 elements. Figure 3d presents a composite slab with a mineral
wool plate and steel shield insulation, both discretised using PLANE55 elements and
LINK31 and LINK34 elements, which are employed to simulate the heat transfer within
the air cavity. The mesh distribution and density are optimised to capture the critical
temperature gradients in each configuration accurately. The thinner regions are modelled
with a minimum of three finite elements, regarding the linear interpolating functions used
in PLANEDS5.

The air gap modelling is produced using thermal conduction using a planar region
in ANSYS with PLANES5 to simulate the debonding effect between concrete and steel.
The selection of a constant debonding thickness of 0.5 mm follows sensitivity analyses
conducted by Balsa et al. [30], which determined this value to provide an optimal balance
between model accuracy and computational efficiency for simulating debonding separation
behaviour under fire conditions.

2.3. Boundary Conditions

Heat flux by convection and radiation is applied as a primary thermal boundary
condition in accordance with EN1991-1-2 [31]. The convection coefficient of 25 W/m?K
is assigned to the fire-exposed side, and 9 W/ m2K to the unexposed side, accounting for
radiative effects. The flame emissivity factor of 1.0 is applied with a Stefan-Boltzmann
constant of 5.67 x 1078 W/m?K*, consistent with previous studies [32-34]. The core tem-
perature on the exposed side was defined using the ISO834 standard fire time—-temperature
curve, while the non-exposed side was assumed to maintain a constant temperature of
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20 °C. Figure 4 illustrates the details of the thermal boundary conditions applied to the
steel deck with the steel shield insulation model.

w
ac=25 [

.S

STEEL SHIELD

g =1 Teo = Tiso 834

Teo = Tiso 834

ISO 834 I1SO 834

(a) (b)
RN N S TR S SO S T e

1 T I T =20°C

STEEL SHIELD
Too = Tiso 834

1SO 834 ISO 834

(c) (d)

Figure 4. Thermal boundary conditions. (a) Slab with steel plate insulation. (b) Slab without
insulation. (c) Slab with mineral wool insulation. (d) Slab with mineral wool plate [13].

The methodological approach adopted in this investigation maintains the bulk tem-
perature on the unexposed side at 20 °C. According to previous experimental temperature
measurements [32], this value increases with time, but keeps the temperature very low.
Moreover, this assumption provides conservative fire resistance results.

The thermal analysis is conducted as a transient non-linear analysis, configured with
full option settings.

3. Simplified Calculation Method

The simplified calculation method used for the (R) criterion presented by prEN1994-1-
2 [24] can be applied to simply supported composite slabs when exposed to standard fire
ISO-834 [13]. To determine the bending moment capacity of the composite slab (sagging
moment), this standard requires the temperature for each component of the steel section
(top flange, web, and bottom flange) to be calculated for each required fire rating, according
to Equation (5). For the reinforcement components, the temperature 6; is determined using
Equation (6). The temperatures 6, and 65 are given in °C. Other required parameters are
defined by Equation (7) to Equation (8).

The insulation’s fire resistance is determined by Equation (9), and also depends on
a series of geometric parameters. The parameter & is dimensionless and represents the
view factor of the steel section component, as given by Equations (10) and (11). The length
Lj is the distance within the ribs and uj represents the distance from the centre of the
reinforcement to the bottom flange in mm, as shown in Figure 2.

1 A
0, = by + by— + by — + b3D + by@? (5)
Ls L,

u A 1
Bs = Co + C1—~ + €22 + C3— + gt + c5— (6)
Iy L Is
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The z factor represents the position of the reinforcement relative to the slab rib using

U2, as shown in Figure 2 and used in Equation (7), given in mm %>

. « represents the angle
between the web component of the steel formwork and the horizontal direction in degrees
(°), as shown in Figure 2. The ratio A/L; is the rib geometry factor and represents the
relationship between the concrete volume and the area exposed per metre of length of the

steel formwork rib, given in mm, and its calculation is performed using Equation (8).

oL Ly (7)
A _ hz(LlerLz) o

YLy iy C

"y

The coefficients “a;”, “b;”, and “c;” represent the empirical coefficients used by
prEN1994-1-2 [24], which depend on the type of concrete (NWC or LWC) and on the
standard fire rating. Equations (5) and (6) allow for estimating the average temperatures
that affect the strength reduction coefficients in all steel deck components and rebars, conse-
quently enabling an accurate estimation of the load-bearing capacity criteria after a specific
time (fire rating). The load-bearing capacity criteria (R) will be based on the reduction
coefficients applied to the yield strength of each component.

To determine the insulation fire resistance (I) time in minutes, Equation (9) is used,
which employs the empirical coefficients “a;” generally used by prEN1994-1-2 [24].

ti = ag+arh +ﬂ2®UPPER2+ﬂ3§+ﬂ4Li3+ﬂ5** ©9)
The view factor (@) quantifies the radiation received by an exposed surface. In
numerical simulations, specific considerations must be considered and used. For instance,
the lower flange is assumed to have a view factor of @ owrr = 1 because it is oriented
parallel to and directly exposed to the fire. In contrast, the other components, which are
not directly exposed, require their average view factors to be calculated using Equations
(10) and (11). This calculation is based on the Hottel crossed-strings method [35]. Table 2
represents the view factor for the thermal zones of all the slabs to be used in the numerical
model, corresponding to the respective regions.

<\/h%+ (L3+ “ELZ)z _ \/h%Jr (leLz)2>

Ly
3+ (LlELZ)z + (Ls+ L1 — L) — \/h% + (L3 + L12L2)2>

Owep = >
2\ + (1152)

Table 2. View factors used for the composite slabs produced by Voidcon® [36].

QupPER = (10)

(11)

VP 50 VP115 VP 200
DLOWER 1 1 1
OwEB 2 0.697 0.480 0.480

DUPPER 2 0.930 0.780 0.712
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Table 2. Cont.

VP 50 VP115 VP 200
OwEB 1 0.058 0.058 0.058
@UPPER 1 0.064 0.064 0.064

4. Materials

The thermal conductivity and specific heat from the steel parts are depicted in
Figure 5a, and defined according to the standard FprEN1993-1-2 [37]. Additionally, the
emissivity of the steel was obtained from Table 3, using the values for the hot-dip-galvanised
deck, which is different from carbon steel. For the density of both the steel deck and rebars,
a value of 7850 kg/m? is assumed at room temperature and remains constant at elevated
temperatures. The steel grade used for the steel deck is ISQ 23 Grade 275 galvanised
steel, with presents a characteristic strength of 230 MPa; the reinforcement bar steel has
a characteristic strength of 450 MPa. The rebars used for all the slabs have a diameter of
10 mm. The thermal conductivity and specific heat of normal-weight concrete are depicted
in Figure 5b, and defined according to the standard prEN1994-1-2 [24]. The density of
the concrete starts at a temperature of 20 °C with a value of 2300 kg/m? and decreases
to 2024 kg/m> when reaching a temperature of 1200 °C. The thermal properties of air are
also non-linear, as depicted in Figure 5¢, as derived from data presented by Cengel [35].
Based on prEN 1995-1-2 [38], the thermal properties of mineral wool manufactured by
Rocterm® [39], PN 70, with a density of 70 kg/m3, presents the thermal properties depicted

in Figure 5d.
24 T T T T T T T 24
400 T T T T T T T 400
thermal conductivity &,( W / mK) 2.2 [22
350 ) 4350
density steel p, (kg/m®.10%) 2.0 4 F2.0
300 4 specific heat ¢, (j/(kgK).10) 4300
1.8 1.8
thermal conductivity A ( W/ mK)
250 - 4250 164 . 3103 16
. density concrete p, (kg/m’.10°) .
200 - 4200 1.4 specific heat ¢, (j/(kgK).10%) | |14
150 - Jis0 121 M2
1.0 4 1.0
100 - 100
0.8 4 0.8
50 - k 450
0.6 4 0.6
0 40
T T T T T T T 04 T T . H J y y 04
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
0
0,(°C) 0,(°C)
(a) (b)
T T T T T T T
1.8 T T T T T 18 160 - - 160
—— thermal conductivity A,;,( W/ mK.10™")
—— density air p,; (kg/m’) 140 4 - 140
—— specific heat c,; (j/(kgK).10*®
specific heat ¢ ;. (j/(kg K) ) 120 4 120
1.2 q412
100 - 100
80 - 80
60 -1 60
0.6 4 4 0.6
40 4 40
20 thermal conductivity A( W/ mK.10"2
density mineral wool p (kg/m")
0 ific heat ¢ (j/(kgK).10'
00 | | | | : 0.0 , , , : speci 1(:I cat ¢ (3 (kg K) , )I
0 500 1000 1500 2000 0 200 400 600 800 1000 1200
0,,(°C) o (C)
(c) (d)

Figure 5. Variation in thermal material properties at elevated temperatures: (a) steel for steel deck
and rebars; (b) normal-weight concrete; (c) air; (d) mineral wool.
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Table 3. The emissivity of steel.

Type of Steel &m (<500 °C) &n (>500 °C)
Carbon steel 0.7 0.7
HDG steel @ 0.35 0.7

2 Steel that has been hot-dip-galvanised according to EN ISO 1461(2022) [40] and with steel composition according
to Category A or B of ISO 14713-2 (2019) [41].

5. Results

The results of the advanced thermal and simplified structural analyses encompass
the behaviour of composite slabs under fire conditions, the performance of the proposed
insulation systems, and the load-bearing capacity of the structures over time. The compari-
son between experimental results, Figure 6, and numerical simulations demonstrates the

validation of the models and the calibration of the empirical coefficients “a;”, “b;”, and “¢;”,
detailing the validation of the numerical model, the analysis of insulation criteria, and the

parametric study of mechanical performance during fire exposure.

'i ‘i TR

Figure 6. Specimen 2, obtained from Fourie [21], after the test was completed.

5.1. Numerical Validation

Figure 7a compares the temperatures recorded in the unexposed region of the VP115
composite slab with the steel shield, considering the experimental test results obtained both
by Fourie [21] and by this investigation using ANSYS. Additionally, Figure 7b compares
Fourie’s experimental results with the numerical results from this investigation for the
UPPER 2 and WEB 2 zones. It can be noted that, for these regions, the numerical results
show good agreement with the experimental results, as illustrated in Figure 7. The results
are presented in Figure 7, which displays Fourie’s experimental temperature measurements
alongside the numerical prediction. According to Fourie [21], the difference between
numerical and experimental results is due to the formation of an air gap during the initial
periods of the experiment, a phenomenon also noted by Piloto et al. (2020) [23]. Figure 7c
presents the temperature field of the validation test at 60 min for VP 115 with a steel shield.

The air gap size is assumed to be a constant average value, valid throughout the entire
interface between steel and concrete. The debonding effect results from the difference in
thermal expansion between these two materials. The actual air gap size in the experiments
is expected to increase depending on the fire event. The numerical results slightly un-
derestimate the temperature of the unexposed concrete region and overestimate the steel
temperature in the UPPER 2 region.
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Figure 7. Comparison of the experimental results obtained by Fourie [21] with those obtained using
the ANSYS model in this study. (a) Unexposed zone; (b) steel sheet trapezoidal zones; (c) temperature
field after 60 min.

The root mean square errors (RMS) are presented in Table 4 for the absolute and
relative difference. These values were determined between the numerical model and the
experimental results throughout the simulation for the WEB 2, UPPER 2, and unexposed
zones. This value reflects the accuracy of the computation model, considering that at
any time after the first 10 min of any standard fire test, the temperature recorded by any
thermocouple in the furnace should not differ from the corresponding temperature of the
standard temperature—time curve by more than 100 °C [42].

Table 4. Root mean square error (°C) between experimental and numerical results of VP 115 with
steel shield.

REGION ZONE RMS (°C) RMS (%)
WEB 2 82.1 18
UPPER 2 18.1 6
UNEXPOSED 10.4 15

An experimental test report from the structures, safety and fire department at
CSTB [27] was used to validate models utilising mineral wool. This report used the
COFRADAL 200 steel deck, as shown in Figure 8a. The analysis was conducted using
the ANSYS software, with the finite element PLANES55 [26], illustrated in Figure 8b. The
boundary conditions applied were identical to those used for the first validation (composite
slab VP 115), with convection coefficients of 25 W/m?K for the exposed face and 9 W/m?K
for the unexposed face, in accordance with EN 1991-1-2 [31]. A constant view factor of 1
was utilised for radiation, with an emissivity coefficient of 0.7 (assuming carbon steel). The
ISO-834 standard fire curve [13] was applied.
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Figure 8. (a) Thermocouples used in the COFRADAL 200 experimental test [27]; (b) mesh size of
COFRADAL 200 in ANSYS.

Figure 9a shows the comparison of the temperature evolution at points P1 and P2
between the experiment conducted by CSTB [27] and the numerical simulations performed
using ANSYS software. Figure 9b, meanwhile, presents the comparison of the temperature
history at point P3 and on the unexposed face. Table 5 presents the RMSE values. The
highest value occurs at P1; however, it remains below the 100 °C threshold limit [42]. The
other analysed points exhibit low values, demonstrating the reliability of the numerical
model and thus enabling a parametric study. Figure 9c shows the temperature field at
60 min from that validation.

Table 5. Root mean square error (°C) between experimental and numerical results of COFRADAL 200.

REGION ZONE RMS (°Q) RMS (%)
P1 54.5 7
P2 20.3 8
P3 10.3 12
UNEXPOSED SIDE 14 3

The discrepancies observed between the numerical and experimental results, namely
the overestimations and underestimations, can be attributed to uncertainties in the precise
location of the thermocouples, the use of effective thermal properties rather than measured
values incorporating degradation, as well as the effect of material moisture evaporation
and migration, which are responsible for the higher or lower temperature plateau.
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Figure 9. Comparison of the experimental results obtained by CSTB [27] with those obtained using
the ANSYS model in this study. (a) P1 and P2; (b) P3 and UNEXPOSED side; (c) temperature field
after 60 min.

5.2. Insulation Fire Resistance (I)

Table 6 presents the results for the fire resistance (criterion ‘I) for the composite slabs
and their insulation types. This fire resistance criterion is determined with respect to the
average temperature rise, 140 °C above the initial average temperature (T0), or with respect
to the maximum temperature rise, 180 °C above the initial average temperature (T0), on the
unexposed surface of the slab. The lowest value between the two limits determines the fire
resistance, according to EN1363-1 (2020) [42]. prEN1994-1-2 [24] also defines the minimum
effective thickness as a function of standard fire resistance.

After four hours of simulation using the ISO 834 curve [13], the results showed a time
gain for the maximum and average temperatures on the unexposed surface compared
to the composite slab without insulation. The steel shield insulation is used in three
types of composite slabs, resulting in a time gain of approximately 25% for the maximum
temperature criterion in all slabs. The use of mineral wool in the cavity region of the
composite slab VP50 with h2 = 50 mm shows a total time gain of 43% compared to the
composite slab without insulation. The composite slabs VP115 and VP200 with mineral
wool, even after four hours, did not reach the temperature limit for the insulation criterion.
The composite slab with mineral wool plate insulation showed significantly improved fire
resistance (I), increasing proportionally to the insulation thickness (hi). On average, if one
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is using hi of 30 mm, the composite slab exhibits a 65% enhancement in fire resistance
compared to non-insulated composite slabs.

Table 6. Time limit for the fire resistance (I) criteria.

Type of . Tp + 180 To + 140
Slabs Insulation Type (min) (min)
without insulation 61 66
steel shield 78 77
mineral wool 109 113
VP 50 )
hi =5 mm 96 99
mineral wool plate hi =10 mm 114 114
P hi = 20 mm 143 143
hi = 30 mm 180 169
without insulation 61 83
steel shield 80 97
mineral wool 3332 2762
VP 115
hi=5mm 100 113
mineral wool plate hi =10 mm 120 133
P hi = 20 mm 155 171
hi = 30 mm 191 222
without insulation 62 102
steel shield 81 107
mineral wool 449 2 5012
VP 200 ;
hi =5mm 103 143
mineral hi =10 mm 124 157
wool plate hi =20 mm 163 210
hi =30 mm 200 2554

2 Exceeded the fire rating of 240 min for criterion I according to standard EN 13501-2 [43].

New empirical coefficients “a;” were determined to calculate the fire resistance insula-
tion time (in minutes) according to the standard prEN1994-1-2 [24]. The simplified method
uses Equation (9) to derive these coefficients for insulation fire resistance. The calculation is
made using a non-linear evolutionary solver [44], implemented in Excel. Table 7 presents
the newly established coefficients “a;”.

“uonr

Table 7. New coefficients “a;” proposed to determine the insulation fire resistance in composite steel
deck under fire curve ISO 834 for a steel shield and mineral wool insulation.

ag ai az az ag as
(min) (min/mm) (min) (min/mm) (mm min) (min)
Steel shield —28.79 1.72 321 0 —734.50 7.90
model
Mineral wool
—1207.42 19.71 —33.10 5,61 —26,611.50 0.008

model

The proposed equation to determine the insulation time (¢;) of mineral wool plates
retains the fundamental structure of Eurocode 4 Part 1-2 [24], employing a linear com-
bination of geometric and thermal parameters to estimate fire resistance. However, the
formulation introduces two critical terms explicitly dependent on the insulation thickness
(hi), addressing the limitations in the Eurocode methodology for systems incorporating
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mineral wool. The general form of the equation aligns with the EN1994-1-2 framework,
and is presented in Equation (12).

t; = ag + arhy + ax@upper 2 + L13é + a4i + %éi + aélog(hl) +ay * hiﬁ (12)
L, L3 L, L3 1
The coefficients a to a5 used in Equation (12) are derived from the steel shield model
(Table 6), ensuring continuity between insulation configurations. This methodology ensures
that the equation reduces to the steel shield model when the mineral wool insulation
thickness hi is zero, maintaining consistency across systems. New coefficients a4 to ay
are presented in Table 8, facilitating the calculation of the insulation fire resistance for
composite steel decking systems incorporating mineral wool plates.

7

Table 8. New coefficients “a;” proposed to determine the time of insulation in steel deck under fire
curve ISO 834 for mineral wool plate insulation.

dg az
(min) (min)
Mineral wool plate 112.6 _82.1

model

5.3. Parametric Study and New Proposal

Figure 10 illustrates the temperature field for the composite slab VP115, under standard
fire exposure ISO 834 [13], when using three different insulation types. These results
correspond to a fire duration of two hours (7200 s), with the analysis conducted for a

concrete thickness of hl = 65 mm.
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X
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Figure 10. Temperature field over the composite slabs under ISO 834 curves for the same h; = 65 mm
for a time equal to 7200 s: (a) VP115 without insulation; (b) VP115 with steel shield; (c) VP115 with
mineral wool; (d) VP115 with mineral wool plate hi = 30 mm.
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Furthermore, Figure 11 presents the temperature history, from 0 to 7200 s, at the
UPPER 2 region, for three different geometries of composite slabs, each with a distinct
insulation system, all considering the same concrete thickness of hl = 65 mm under the
ISO834 standard for fire exposure.
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Figure 11. Comparison of temperature history in the UPPER 2 zones for the composite slabs under
1SO834 fire standard for the same hl = 65 mm for a time from 0 to 7200 s: (a) VP115; (b)VP50;
(c) VP200.

The numerical results obtained from ANSYS software are averaged for each compo-
nent of the composite slabs. The average temperatures are determined for the lower flange
(LOWER zone), the web (WEB zone), and the upper flange (UPPER zone). Coefficients
“b;” and “c;” are introduced to determine the average temperatures in the steel deck com-
ponents insulated with steel shield and mineral wool, as well as in the reinforcing bars,
considering the composite slabs under these fire conditions. The proposed coefficients are
obtained using Excel, which minimises the sum of the absolute differences between the
numerical temperatures (obtained from the steel components in the parametric study) and
the temperatures calculated by the model corresponding to Equation (5) or Equation (6).
This minimisation is also performed using the non-linear evolutionary solver [44], available
in the Excel SOLVER tool. The tool iteratively adjusted the values of “b;” and “c;” with the
objective of achieving the lowest possible absolute error between the simplified method
(with the new coefficients) and the numerical results.

Table 9 compares the effect of the steel shield and mineral wool insulation for the
VP115 composite slab. The mineral wool reduces UPPER 2 temperatures from 906.3 °C
(without insulation) to 99.3 °C (3600 s), while the steel shield achieves 751.0 °C. Similar
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efficiency is observed in WEB 2 (e.g., 888.8 °C vs. 391.3 °C at 3600 s). The lower region
shows negligible differences (<1%) between methods. The mineral wool has superior
thermal resistance in critical zones, highlighting its suitability for structural fire protection.
The VP50 and VP200 composite slab geometries perform similarly to VP115.

Table 9. Comparison in temperature between the model without insulation and the model with a
steel shield for VP115.

Time Region Without Steel Shield lefeo/rence Mineral Wool lefeo/rence
(min) & Insulation (°C) €0 @ €0 ®)
LOWER 923.2 920.6 0.27 917.8 0.65
60 WEB 2 888.8 778.9 12.36 391.3 44.00
UPPER 2 906.3 751.0 17.13 99.3 89.07
LOWER 994.4 990.6 0.40 987.6 0.70
90 WEB 2 966.9 897.5 7.14 491.2 49.14
UPPER 2 979.3 881.1 10.01 135.9 86.21
LOWER 1039.7 1038.1 0.09 1035.1 0.384
120 WEB 2 1018.7 969.7 4.81 567.2 44.20
UPPER 2 1025.9 958.1 6.60 163.2 84.07

@) Difference between slabs without insulation and with steel shield. ® Difference between slabs without
insulation and with mineral wool.

Table 10 summarises the temperature differentials between the non-insulated configu-
ration and the mineral wool plate-insulated composite slab.

Table 10. Comparison in temperature between the model without insulation and the model insulated
with mineral wool plate hi = 30 mm for VP115.

Mineral Wool Plate

Time . Without . Difference
. Region S hi =30 mm o
(min) Insulation (°C) ©C) Yo
LOWER 923.2 332.9 64.0
60 WEB 2 888.8 254.8 71.0
UPPER 2 906.3 195.8 78.0
LOWER 994.4 4479 55.0
90 WEB 2 966.9 332.9 66.0
UPPER 2 979.3 269.5 72.0
LOWER 1039.7 538.0 48.0
120 WEB 2 1018.7 411.0 60.0
UPPER 2 1025.9 348.1 66.0

Table 11 presents the proposed “b;” coefficients used to determine the temperature in
steel deck components when dealing with the composite slab with steel shield, maintaining
their use in Equation (5). It is noted that in the lower region, the “b,” parameters are
small, since the rib is not protected, making the geometric parameters less relevant to the
fire resistance.

Table 12 presents the proposed “b;” coefficients for determining the temperature in
steel deck components when dealing with the composite slab with the cavity protected
by mineral wool, maintaining their use in Equation (5). The coefficient “b;” is still big in
comparison to the other coefficients, due to the insulation effect in the L3T regions.
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Table 11. New coefficients “b;” proposed to determine the temperature in steel deck under ISO 834
fire curve for a steel shield insulation.

TIME STEEL DECK bo b1 by bs by
(min) REGION “©Q) (°C.mm) (°C.mm) O O
UPPER 2 655.63 —734.815 —0.32 193.9096 —52.90
60 WEB 2 898.73 —18,071.9 —1.57 276.0602 —210.84
LOWER 953.79 —868.995 -0.13 17.31293 —40.132
UPPER 2 770.62 —17,598.3 —1.14 511.3276 —186.22
90 WEB 2 892.69 —12,026.7 —1.09 491.0991 —404.97
LOWER 1047.78 —473.694 —0.09 7.664627 —57.90
UPPER 2 897.64 —16,998.5 —1.20 443.8899 —178.63
120 WEB 2 973. 99 —5684.49 —0.61 228.0133 —188.25
LOWER 980.55 —170.244 —0.05 75.57389 —14.705

Table 12. New coefficients “b;” proposed to determine the temperature in steel deck under ISO 834
fire curve for a mineral wool insulation.

TIME STEEL DECK bo b1 by bs by
(min) REGION Q) (°C.mm) (°C.mm) O O
UPPER 2 0 —80,115.3 —5.54224 1182.233 —0.00016
60 WEB 2 546.542 —5772.11 —4.82394 291.80 —0.00262
LOWER 953.796 —868.995 —0.13103 17.31 —40.1328
UPPER 2 0 —131,140 —8.22638 1844.938 —0.00041
90 WEB 2 474912 —0.3311 —4.53379 718.85 —378.888
LOWER 1047.79 —473.694 —0.09809 7.66 —57.907
UPPER 2 0 —189,471 —11.2556 2582.478 0
120 WEB 2 802.465 —13,254.1 —5.70221 325.1772 —0.00084
LOWER 980.556 —170.244 —0.05367 75.57389 —14.7057

For the regions UPPER 1 and WEB 1, which are areas without any insulation, the cal-
culations can be performed using the coefficients presented in the new approach proposed
by Carlos Balsa et al. [45].

Tables 13 and 14 present new coefficients to determine the average temperatures of the
rebars for the case of composite slabs with steel shield and cavity insulation using mineral
wool, respectively, maintaining their use in Equation (6).

Table 13. New coefficients “c;” are proposed to determine the temperature in steel deck under ISO
834 fire curve for a steel shield insulation.

TIME Co C1 Co C3 Cq Cs

(min) Q) “Q) (°C.mm®3% (°C.mm) (°C/°) (°C.mm)
60 947.1 —201.6 —268.1 —3.25 417 —4585.2
90 1027.5 —198.8 —-176.1 —3.98 3.63 —14,491.4
120 1153.7 —271.6 —158.3 —-3.92 2.94 —12,363.0

Table 14. New coefficients “ci” proposed to determine the temperature in steel deck under ISO 834
fire curve for a mineral wool insulation.

TIME Co C1 Co C3 Cq Cs

(min) °O “Q) (°C.mm?%% (°C.mm) cCr?) (°C.mm)
60 930.078 —292.355 —117.716  —3.74446  0.936562 —7273.17
90 963.447 —143.803 —177.807 —1.52391 1.434412 —10.1888

120 1007.2 —253.709 —198.434 —3.50322  4.105537  —8.06392
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For the case of composite slabs with mineral wool plates (70 kg/m?), the calculation
of the temperature at the steel deck components includes two additional factors, which
depend on the thickness of the insulating material. The governing Equation (13) for this
insulation approach employs the coefficient “b;” from Table 11, corresponding to steel
shield insulation, and includes the parameters “bs” and “b¢”; see Table 15.

1 A 5 L1 hi
60 = b+ bip— + bar— + b3 + by + bs » hii? +belog T (13)
3 r

Table 15. New coefficients “b;” proposed to determine the temperature in steel deck under ISO 834
fire curve for a mineral wool plate insulation.

TIME STEEL DECK bs be
(min) REGION °Q) O
Upper 1-2 81.8 —437.8
60 Web 1-2 205.1 —518.687
Lower 270.8 —580.242
Upper 1-2 261.2041 —598.867
90 Web 1-2 295.8592 —605.429
Lower 336.9763 —596.251
Upper 1-2 337.2489 —646.264
120 Web 1-2 357.831 —641.31
Lower 353.4428 —572.978

Equation (14) provides the temperature for the steel rebar component when dealing
with composite slabs using mineral wool plates, where the coefficients “cy” to “cs” are
obtained from Table 13. The new coefficient “cs” is presented in Table 16.

A 1 hi
952c0+c1Z—2 +622+C3L— +C4IX+C5L3+C610g<11> (14)
T

Table 16. New coefficient “cs” proposed to determine the temperature in rebars under ISO 834 fire

curve for a mineral wool plate insulation.

TIME Ce

(min) Q)
60 930.078
90 963.447
120 1007.2

5.4. Load-Bearing Capacity Time (R)

To determine the load-bearing capacity of the slab (Mgq f; ) under fire, the method pre-
sented in prEN1994-1-2 [24] involves using the temperatures defined by Equations (5) and (6)
to determine the temperature of the steel deck elements and the rebar components, re-
spectively. With the defined temperatures, the method requires the determination of the
reduction factors for the yield stress (ky) according to prEN 1994-1-2. The method neglects
the effect of temperature on concrete. The first step is to define the neutral axis using
Equation (15), where “A;” represents the effective area of the steel stress zone, adjusted
by the factor (ky); “A;” is the effective area of concrete resisting to compression; and “o”
is the coefficient weighting the contribution of the tension zone, taken as 0.85. Once the
neutral axis is established as a function of temperature, the second step is to determine
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the load-bearing capacity of the structure using Equation (16), using the distance from the
plastic neutral axis to the centroid of the elemental area (z; and z;).

m fy,i n fc,j
Y Ak () +a " Ak, -0 15
i=1 44 y'l(')’M,y) slab j=14% C']('YM,C) ( )
Mgasis=Y o Aizikyi(ify’i )+ gpapy Aijkcj(ifC'j ) (16)
o = " YMy = 7 YMe

The graphs presented in Figure 12 demonstrate that the implementation of insulation
systems, whether through steel shielding or the application of mineral wool, delays the
heating of critical elements, particularly with mineral wool, which maintains higher load-
bearing capacity (Mgq i ) for extended periods compared to the composite slab without
insulation. This approach, compatible with prEN1994-1-2 [24], effectively integrates thermal
and mechanical effects, offering a robust tool for designing and assessing structural fire
resistance and addressing the gap regarding the lack of design methods for composite slabs
with special ribs and insulation methods.
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Figure 12. Evolution of the loss of load-bearing capacity of the slab (Mg f ) over time under the ISO
834 fire curve for three conditions: without insulation, with a steel shield, and with mineral wool
insulation. (a) VP50; (b) VP115; (c) VP200.
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The mechanical analysis shows the fire resistance effect of different insulation strategies
to leverage composite slabs’ gain in mechanical strength under fire exposure, optimising
and reducing concrete usage for sustainability purposes.

Conventional concrete emits approximately 430 kg/ m? of CO, [46]. A reduction in
concrete volume may be achieved by replacing a composite slab made with VP 200 (without
insulation) with a VP 115 slab with 30 mm thick mineral wool board insulation (hi = 30 mm)
to ensure 60 min fire resistance.

Table 17 presents a comparison of CO, emissions and the mechanical strength enhance-
ment for slabs with 30 mm mineral wool board insulation and composite slabs without
insulation. The carbon footprint per square metre of slab is calculated by summing the CO,
emissions from the concrete and mineral wool. The mineral wool insulation (hi = 30 mm)
has a CO, emission of 3.09 kg/ m? [47].

Table 17. Carbon emissions in comparison to the load-bearing of the steel deck slabs.

Model Mineral Wool Plate
Without Insulation hi =30 mm
STEEL DECK PLATE - i - i
Emissions of CO, Load Bearlpg After Emissions of CO, Load Bearl.ng After
(Ke/m2) 60 min (Kg/m?) 60 min
& (KN * m) (KN * m)
VP 50 34.76 3.65 37.85 12.41
VP 115 42.40 9.34 45.49 24.27
VP 200 58.21 21.31 61.30 42.93

In the case of replacing VP 200 composite slabs with VP 115 composite slabs, including
insulation, a reduction of approximately 20% in CO, emissions is achieved. This represents
a significant figure, particularly in light of current demands for CO; reduction, given that
cement is not only the most widely used material globally but also the largest contributor
to CO, emissions within the construction sector.

6. Conclusions

This investigation presents an integrated and robust approach for assessing the thermal
and mechanical behaviour of composite slabs with steel decks subjected to fire conditions,
applying validated finite element models using ANSYS. One of the main objectives was to
enhance the prediction of temperatures in critical components, such as the steel deck parts
and reinforcement, through the calibration of new empirical coefficients (“a;”, “b;”, and

“c;”) used in the simplified methods proposed by prEN1994-1-2, including the effect of a

new stiffened steel deck and the use of insulation materials.

Specifically, the numerical modelling was divided into five stages: (i) Model vali-
dation was performed using experimental results from Fourie [21] and from Duponchel
(CSTB) [27], which yielded a mean difference (RMS) of only 10.47 °C in the unexposed
zone, despite larger deviations in regions such as WEB 2 (RMS ~ 82.1 °C). (ii) Thermal
analyses were implemented using PLANES5, LINK31, and LINK34 elements to accurately
capture the temperature field in all the composite slabs using different insulation methods.
(iii) A parametric study was conducted that compared the effectiveness of two insula-
tion systems—the steel shield and mineral wool—revealing that, while the steel shield
achieved a time gain of approximately 25% for the maximum temperature criterion. The
mineral wool demonstrated a more pronounced effect by reducing temperatures in the
upper zone (UPPER 2) by up to 89% compared to the uninsulated condition. (iv) The
empirical coefficients were calibrated using a non-linear solver in Excel, which minimised
the absolute difference between the simplified values and numerical results. (v) Strategies
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were proposed for mitigating CO, emissions by utilising thermal insulation materials
within composite slabs. Some strategies can reduce CO, emissions by more than 15 kg/m?,
enabling a spectrum of potential design configurations. This conclusion, however, is condi-
tional on the specific geometries and materials of the parametric study, which revealed that
while mineral wool above the steel shield can exceed standard requirements (EN13501-2), a
30 mm thickness may be insufficient for the highest fire resistance class (1240).

The results not only validate the effectiveness of the numerical model but also demon-
strate that the introduction of insulation systems significantly enhances thermal integrity
and, consequently, the load-bearing capacity of the slabs during fire events. The proposed
methodology allows for a more accurate prediction of the fire resistance time, thereby
enabling safer design of composite slabs in complex high-rise buildings. The choice of a
constant air gap of 0.5 mm, addressing the debonding effect between the concrete and the
steel, proved to be adequate, as already demonstrated by Piloto et al. [23].

Among the three insulation strategies evaluated, the mineral wool plate applied below
the steel deck proved to be the most effective in enhancing both thermal insulation (I)
and load-bearing capacity (R). It reduced temperatures in critical zones by up to 89%
and increased fire resistance time proportionally with thickness, outperforming both the
steel shield and cavity-filled mineral wool. The steel shield, while beneficial, offered the
least improvement, with an estimated 25% gain in fire resistance time. These findings are
consistently supported across all slab geometries (VP50, VP115, VP200) and insulation
configurations tested, confirming the superior performance of mineral wool plates for
fire-safe and sustainable composite slab design.

Finally, the development of new empirical coefficients and the validation of the simpli-
fied method represent a significant contribution to the field of structural fire safety. The
proposed model coherently integrates thermal and mechanical effects, providing a robust
tool for improving design and analysis methods for structures exposed to fire. Future
studies may extend this approach by incorporating sensitivity analyses and additional ex-
perimental investigations to refine the adopted assumptions further, ultimately contributing
to developing more precise and reliable design standards and guidelines.

7. Limitations and Future Works

This study identifies several limitations requiring further investigation. The practical
applicability of the proposed insulation systems—encompassing constructability, dura-
bility, cost-effectiveness, adhesive performance at elevated temperatures, and seismic
resilience—requires real-world verification. Model assumptions, such as a constant air
gap for debonding and the neglect of thermal contact resistance at interfaces, alongside
validation discrepancies (e.g., RMS up to 82.1 °C), indicate a need for enhanced thermal
modelling, including dynamic gap evolution and three-dimensional effects (e.g., edge
radiation, load redistribution). Critical structural aspects overlooked include shear failure
mechanisms, particularly at rib roots, and the exclusion of cooling-phase effects where insu-
lation may exacerbate thermal gradients, residual stresses, and delayed failures. Analyses
were also limited to the ISO 834 standard fire, neglecting natural fire scenarios involving
compartment interactions, moisture effects, and cooling-phase behaviour.

Future research should focus on developing 3D thermo-mechanical models incorporat-
ing dynamic air gaps and shear failure criteria (e.g., EN 1992-1-2); quantifying cooling-phase
impacts on structural recovery; validating findings through full-scale testing across varied
geometries and insulation types; and testing insulation robustness under cyclic thermal
exposure, including bonded mineral wool plates and alternative materials (e.g., gypsum
boards) or hybrid solutions. Investigating natural fires with compartment interactions
and moisture content, alongside establishing design guidelines for fire-induced displace-



J. Compos. Sci. 2025, 9, 497 24 of 26

ments of steel shields, is essential to enhance the safety and sustainability of fire-resistant
composite slabs.
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